We learn from our mistakes. Incorrect movements generally are followed by sensory feedback indicating that an error has been made. Many learning theories [1] [2] [3] propose that neural representations of sensory error signals are the teachers for motor learning. Yet we understand only poorly how and where sensory error signals are converted into neural instructive signals that induce behavioral learning.
We have used smooth pursuit eye movements of rhesus monkeys to study the neural mechanisms of motor learning. Pursuit allows primates to track smoothly moving targets by matching eye velocity to target velocity 4, 5 , thereby minimizing image motion relative to the eye. If a target changes direction or speed unexpectedly, then the delay in visual-motor processing for pursuit will result in image motion because there is a delay of 100 ms or more before eye velocity reacts to the new target velocity. If the same change in the direction or speed of target motion occurs repeatedly at a consistent time, then the visual to motor transformation for pursuit undergoes experience-dependent learning. Over time, the pursuit response to the initial target motion is altered so that it anticipates the change in target motion [6] [7] [8] . Thus, pursuit shows associative learning that can be instructed by a consistent change in target trajectory. In real life, continual pursuit learning ensures excellent tracking of naturally-occurring object motion.
In the present paper, we have asked whether representations of image motion in area MT provide instructive signals for pursuit learning. MT neurons are selective for direction and speed of retinal image motion as well as a variety of other features of the visual stimulus 9, 10 . Prior studies have shown that visual motion signals for pursuit are represented in MT [11] [12] [13] and that microstimulation of clusters of MT neurons with shared direction preferences has a directional effect on pursuit eye movements 14, 15 and perceptual judgments 16, 17 . Here, we move beyond these previous observations to show that microstimulation creates instructive signals capable of driving learning in pursuit. Further, we demonstrate that the learning evoked by electrical stimulation in MT closely resembles that evoked by real visual motion, suggesting that activation of MT provides a powerful instructive signal for pursuit learning under natural conditions.
RESULTS

Learning induced by microstimulation in MT
We asked whether microstimulation in area MT, when consistently associated with motion of a pursuit target, would be sufficient to instruct directional learning of pursuit eye movements. Our procedure was designed to mimic experiments that used a precisely timed change in the direction of target motion as the instructive signal for directional learning in pursuit 7 , but here we replaced the change in target direction with MT microstimulation.
The basic pursuit stimulus consisted of individual trials of step-ramp target motion 4 . The target moved at 201 s -1 along the 'pursuit axis,' which was chosen for each experiment as the cardinal direction closest to orthogonal to the preferred direction of the MT neurons recorded at a given stimulation site. We measured learning in the 'learning axis,' which was defined as the cardinal axis closest to the preferred direction of the multiunit activity at the stimulation site and was always orthogonal to the pursuit axis. An example of a microstimulation-learning experiment is illustrated in Figure 1 for a site where the MT neurons preferred upwards motion. Each experiment began with a 'baseline block' of pre-learning 'probe trials' that consisted only of target motion in the pursuit direction (here rightward) to verify that before learning, rightward target motion elicited very little vertical eye motion (Fig. 1b,  top) . Next we presented 'learning trials' in which microstimulation was applied in MT for 300 ms starting 200 ms after the onset of target motion (Fig. 1a, middle) . Stimulation at this site during ongoing pursuit elicited a small smooth eye movement with a major upward component 15 (Fig. 1b, middle) . After at least 100 learning trials, we assessed learning by measuring the vertical smooth eye movement on post-learning probe trials of rightward target motion in which stimulation was not delivered in MT (Fig. 1a, bottom) ; infrequent probe trials were interspersed among continuing learning trials.
The learned vertical eye movement had two components: an early peak followed by a later trough (Fig. 1b, bottom) . The early component of learning was upward, towards the preferred direction of the neurons at the stimulation site, and peaked at around the time when microstimulation began in the learning trials. The later component of the learned eye movement was in the opposite direction, comprising a seemingly wrong-way response that was not observed when the instructive stimulus for learning was a change in target direction 7 .
At each individual stimulation site, we customized the directions of target motion for the preferred directions of neurons at that site. For ease of presentation, however, we have rotated and reflected the data from each experiment, and will present our findings as if the learning direction represented by the site in MT were upward, and the pursuit direction used for real target motion were rightward. To quantify the amount of learning, we subtracted the vertical eye velocity recorded during probe trials in the baseline block from that recorded in identical probe trials toward the end of the learning block. Averaging the responses from all experiments in each monkey shows that the smooth eye movements evoked by stimulation on learning trials were unidirectional (Fig. 2a) , whereas the learned eye movements were bidirectional (Fig. 2b) . To represent variability across experiments, we also have summarized the learned eye velocities by plotting the amplitudes of the peak and trough for each individual experiment as a function of the times at which they occurred and connecting the points for each individual experiment with a line (Fig. 2c) . The amplitudes of the early peaks showed a wide range, from very small to as large as 11 s -1 , but the relationship between the time and amplitudes of the peaks was quite consistent: all lines in Figure 2c had similar, negative slopes. On average, the peaks in learned eye velocity occurred around the time corresponding to the onset of microstimulation on learning trials, whereas the oppositely-directed troughs occurred later, within the 300 ms interval that would have contained microstimulation on learning trials.
We found considerable variability across stimulation sites in the amplitudes of the learning induced by MT microstimulation (Fig. 2c) . The variability did not correlate with any of our measures of the receptive field properties of each site, including direction tuning, preferred speed, spatial receptive field location and size, amplitude of the stimulation-evoked eye movement or whether the site responded In the second and third panels, the gray trace reiterates the vertical eye velocity in the pre-learning probe trials, also shown by the black trace in the top panel. For this and all figures, learning trial data are from early in the learning block, before learning has occurred, and learned eye movements on probe trials are after at least 100 learning trials. Upward deflection of the velocity traces corresponds to upward eye motion. 
Origin of the oppositely directed component of learning
The relative timing and directions of the two components of learning suggested that the first component was instructed by image motion signals resulting directly from MT stimulation, whereas the later, oppositely directed component might be instructed by real image motion signals. Microstimulation in MT evoked an eye movement on learning trials that drove the eye away from the target, causing target motion relative to the eye. Thus, stimulation provided consistent real image motion signals opposite to the direction of the stimulationevoked eye movement. The real, target-related image motion signals would be delayed relative to those mimicked by stimulation in MT, because of (i) the latency between stimulation and the evoked eye movement and (ii) visual system processing delays. Thus, visual motion signals resulting from MT microstimulation and the ensuing target motion relative to the eye would predict oppositely directed, temporally segregated components of learning like those we observed (Figs. 1 and 2).
To test the hypothesis that target-related image motion was responsible for the second, oppositely directed component of learning we observed ( Figs. 1 and 2) , we stabilized the target on the eye and eliminated image motion during stimulation of MT by using the recorded eye position to drive target motion in real time. Microstimulation with target stabilization on learning trials evoked unidirectional eye movements (Fig. 3a) that were similar to those evoked without stabilization (Fig. 2a) . However, the learned eye velocity expressed in probe trials was now also unidirectional and was always towards the preferred direction of the stimulation site (Fig. 3b) . Individual experiments and trials also showed the basic features of the averages ( Supplementary Fig. 2 ). Thus, target stabilization eliminated the second, oppositely directed component of learning. We conclude that visual signals resulting from microstimulation in MT and from real target motion relative to the eye are both sufficient to instruct directional learning in pursuit. Putting these signals in conflict causes a response that reflects the influence of both signals and their relative timing.
Microstimulation-induced versus visually induced learning
If MT provides instructive signals for pursuit learning under natural conditions, then we should find excellent quantitative agreement between the learned eye movements induced by microstimulation in MT and those induced by natural visual stimuli. Our previous experiments using a change in target direction to induce learning 7 provided only unidirectional instructive signals. Therefore, we conducted behavioral experiments with a natural visual stimulus designed to mimic the sequence of signals in MT and real image motion provided during microstimulation; we replaced MT stimulation with the motion of a visual background.
As before, each trial began when the monkey fixated a pursuit target; shortly thereafter a texture of stationary random dots appeared (Fig. 4,  left) . On pre-learning and post-learning probe trials, the visual background remained stationary as the pursuit target underwent ramp motion. On learning trials, the visual background remained stationary for the first 200 ms of pursuit target motion and then moved at 201 s -1 for 300 ms in a direction orthogonal to the direction of ongoing pursuit. In learning trials, the motion of the background evoked smooth eye movement towards the direction of background motion 18 ( Fig. 4a) . In subsequent probe trials, after at least 100 learning trials, the learned eye velocity had two components, one towards the direction of the background motion and one in the opposite direction (Fig. 4b) . When the target was stabilized relative to the eye, the response to background motion on learning trials with stabilization ( Fig. 4c) was similar to that without target stabilization, but the learned eye movement was entirely in the direction of the background motion (Fig. 4d) . The second, oppositely directed component of the learned eye velocity again vanished. We conclude that both pursuit target-related and background motion are capable of instructing pursuit learning and that microstimulation in MT is an effective mimic of these signals.
Comparison of the timing of the learned eye velocities in the present study shows temporal differences between the learning instructed by MT microstimulation versus motion of a visual background. We plotted the magnitudes of the peak and trough of learned eye velocity as a function of their times for both microstimulation and background experiments (Fig. 5) , aligned at the onsets of MT stimulation or background motion (t ¼ 0). The general shape of the learned eye movements was similar, but those instructed by MT stimulation occurred earlier relative to the onset of the experimental manipulation than did those instructed by motion of the visual background. How can we understand these temporal differences?
If activity in MT were the instructive signal for both microstimulation and background-motion experiments, then the timing of the learned eye movements for the two learning conditions should be offset by an interval corresponding to the latency of MT neuronal responses to visual stimuli. To evaluate this prediction, we varied the interval between the onset of pursuit target motion and instructive background motion on different days. Aligning the learned eye velocities on the onset of pursuit target motion (Fig. 6a) reveals that changing the temporal intervals affected both the shape and timing of the learned eye velocity, as predicted from ref. 7 . Lengthening the interval between the onset of horizontal target motion and the vertical instructive signal from 100 ms to 150 ms or to 200 ms caused a longer latency and a larger peak in the learned eye movement towards the preferred direction of the stimulation site. There was a similar effect (Fig. 2b) when the interval between the onset of target motion and MT stimulation was varied in Monkey E.
We obtained the same temporal profile of learned eye movements only when we compared the learning induced by electrical stimulation for one interval with that induced by background motion that started 50 to 75 ms closer to the onset of visual target motion (Fig. 6b) . In Monkey Q, the learned eye velocity for MT stimulation with an interval of 200 ms had a temporal structure that fell between that for the learned eye velocities from background motion with intervals of 100 ms and 150 ms. In Monkey E, the best agreement in temporal structure occurred when the interval between the onset of target motion and instructive MT stimulation was more than 50 ms longer than the interval between target motion onset and instructive background motion. These data would be expected if MT neurons were activated by visual motion with a 50 to 75 ms latency [19] [20] [21] [22] and activity in MT provided an instructive signal for the learning induced by background motion as well as by microstimulation.
DISCUSSION Sensory instructive signals for pursuit learning
Sensory error signals have been hypothesized to act as instructive signals for a number of forms of learning, and yet there are relatively few examples of vertebrate behaviors for which activation of a specific class of sensory neurons has been demonstrated to be sufficient to instruct learned changes in behavior; examples include classical conditioning of the eyelid response 23 , auditory frequency discrimination 24 and now smooth pursuit eye movements. We have shown that electrical microstimulation in area MT is sufficient as an instructive signal for learning in smooth pursuit eye movements. Further, there is excellent agreement in the expression of learning following instruction by MT microstimulation and by a natural visual stimulus. In particular, the learned eye movement instructed by MT stimulation was almost identical to that instructed by motion of a visual background when the comparison took account of the latency of MT responses to visual motion. Relative to the onset of pursuit target motion in our learning paradigm, MT stimulation had to occur 50 to 75 ms later than background motion, exactly as expected if visual signals took 50 to 75 ms longer to reach the sites of instruction than those produced by activating MT directly. The similarity of the learning in the two situations implies that activity in MT represents the instructional signals for learning even when the instructional stimulus is provided by real image motion. Although other brain regions have similar response latencies and also could contribute instructional signals for pursuit learning, our findings establish a clear role for MT.
For instructional signals that arise from both MT microstimulation and real image motion, the temporal relation between the instructive stimulus and the learned eye velocity was notable. We have previously shown 7 that learned eye movements are timed to correspond to the time of a change in direction of the pursuit target. In the present study, we found that the learned eye velocity followed the sequence of two image motion instructive signals: first in one direction and then in the opposite direction owing to target motion with respect to the eye. We were able to link the second component of learning to the oppositely directed image motion by experiments in which the target was stabilized on the eye in the learning trials, to eliminate oppositely directed image motion.
The fact that the pursuit system learned to make a rapid sequence of eye motion in one direction and then the other instead of averaging the two opposing instructional signals over time indicates that it is specialized for learning temporal properties of the instructional signal on a time scale of 100 ms. Further, both background motion and microstimulation were effective at instructing pursuit learning even if they originated from parts of the visual field that were clearly separate from the foveal location of the pursuit target. Thus, learning in the pursuit system seems to operate more like a machine than like a cognitive process 25 . Pursuit learning responds to the association of ongoing pursuit and specific temporal sequences of image motion and is driven by spatially non-specific instructional signals.
Because MT microstimulation caused an eye movement in the learning trials, we cannot rule out the possibility that the visual signals from MT have been converted at least partially into motor coordinates before reaching the site of learning. In future experiments, subthreshold stimulation of MT might help resolve this issue 26 . For now, several aspects of our data imply that the instructional signals for pursuit learning are not related directly to eye movements. First, in experiments that did not use target stabilization, the eye movement responses on learning trials were unidirectional, but the learned eye movements had a component in the opposite direction. Second, target stabilization dissociated these two eye movements: it had only minimal effects on the eye movement on learning trials, but it profoundly altered the shape of the learned eye movement. Finally, in microstimulation and behavioral experiments, the first peak of the learned eye velocity is timed to coincide with the time of MT activation and not with the time of the evoked eye movement.
Implications for sites and mechanisms of learning Our experiments do not speak directly to the site of learning for pursuit other than to indicate that the site of learning must receive major inputs from MT. A previous study 27 provided evidence that the site of pursuit learning is downstream from the frontal pursuit area. Our finding that the site of pursuit learning is also downstream from area MT pushes candidate loci into subcortical structures, including brainstem precerebellar nuclei and the cerebellum itself 28 . In primates, MT is a major source of visual motion signals to the cerebellum, accessing both cerebellar mossy fibers and climbing fibers via the dorsolateral pontine nucleus and the nucleus of the optic tract [29] [30] [31] .
One aspect of our data that provides insight into potential neural mechanisms for pursuit learning is that the pursuit system compensates for the temporal delay in the instructive signal from MT. Learned eye movements began, and in some experiments reached their peaks, before the time when stimulation was delivered on learning trials. This finding provides a constraint for potential plasticity mechanisms that might mediate pursuit learning. Specifically, these plasticity mechanisms would be expected to have asymmetrical temporal requirements, as has been proposed for some cerebellar-based learned behaviors 32, 33 and demonstrated for several forms of cerebellar plasticity [34] [35] [36] [37] .
In conclusion, we have demonstrated that visual signals arising in visual area MT are a powerful instructive signal for pursuit learning, cementing MT in the pathway for signals that instruct learning. We are struck that the organization of the pursuit circuit bears strong resemblance to the organization of circuits for a wide range of motor behaviors. All use inputs from sensory cortex, cortico-cortical pathways through the parietal sensory-motor areas and recurrent loops through both the cerebellum and the basal ganglia 38, 39 . Many researchers have proposed that the cerebellum may be responsible for error-correcting learning for a wide range of behaviors [40] [41] [42] , and pursuit has become an important model system for understanding error-correcting learning. We propose that the nature of the instructive signals and the sites and mechanisms of learning in pursuit may provide a framework that can be generalized to a wide range of learned motor behaviors.
METHODS
Animals. All experimental procedures were approved in advance by the Institutional Animal Care and Use Committee of the University of California, San Francisco and conformed to federal guidelines. Two male rhesus monkeys (Macaca mulatta, 7-12 kg) served as subjects, and their eye movements were recorded with the magnetic search coil method. Surgical and training procedures to prepare monkeys for the study have been described previously 43, 44 . Both monkeys were well trained on pursuit tasks but naive to pursuit learning experiments. Experiments were conducted approximately five times per week and lasted 2-5 hours. All experiments were conducted in a nearly dark room.
Visual stimuli. Visual stimuli were presented on an analog oscilloscope (Hewlett Packard 1304A) with a refresh rate of 250 Hz. The display was positioned 30 cm from the monkey and subtended 411 horizontal Â 341 vertical of visual angle. Target position and velocity were specified through the user interface on a DEC Alpha UNIX workstation and were controlled by the outputs of two 16-bit digital-to-analog converters on a digital signal processing board in a PC.
A small bright spot was presented as a pursuit target in individual trials. Each trial began with a fixation interval of a duration that was randomized between 500 and 1,000 ms. The target then underwent 'step-ramp' motion to minimize the occurrence of catch-up saccades. The target stepped away from the fixation point by 2.51 (Monkey Q) or 3.01 (Monkey E) and simultaneously began moving at 201 s -1 towards the fixation point. Monkeys were rewarded with a drop of fluid if they kept eye position close to target position throughout the trial (see below). They completed approximately 1,500 pursuit trials, plus several hundred receptive field-mapping trials, in each daily experiment.
In some experiments, we also presented a visual background that consisted of randomly placed dots at an average density of 0.09 dots/deg 2 . The dots were one-sixteenth as bright as the pursuit target. To avoid spatial overlap of the target and the background, dots were visible within two separate invisible apertures of 381 Â 141, one above and one below the horizontally-moving pursuit target. Thus, the pursuit target was centered vertically on a 61-tall horizontal stripe in which background dots never appeared. The stripe between the two apertures was only slightly taller than the average separation between dots, thereby minimizing the interruption of the background pattern while preventing the background from introducing ambiguity as to the task requirements by overlapping the path traversed by the target. The placement of individual dots within the background pattern was varied randomly on a trialby-trial basis. Motion of the visual background consisted of 100% coherent vertical motion of the dots at 201 s -1 within the stationary, virtual apertures.
In a subset of our experiments we stabilized targets with respect to the moving eye 45 to eliminate image motion resulting from eye motion relative to the target on learning trials. The position of the eye was sampled every millisecond and fed back to the computer so that it could be used to drive target motion in real time. We used the monkeys' eye movements in response to small position and velocity errors to verify the accuracy of the calibration of the eye coil 45 and ensure accurate image stabilization. Comparison of the eye movements evoked by target motion with and without target stabilization showed neither the saccades nor the smooth eye accelerations that would have been predicted by systematic errors in stabilization. In a subset of our experiments we selectively stabilized the target only along the (horizontal or vertical) learning axis and not along the orthogonal pursuit axis. Our results did not depend on whether the target was stabilized along both or just one of the axes.
MT recording and microstimulation. We recorded in and stimulated MT in three hemispheres of two monkeys (left and right hemispheres of Monkey Q, left only in Monkey E). We used tungsten microelectrodes with impedances from 800 KO to 1.2 MO measured at 1 kHz (Frederick Haer). Area MT was identified as described previously 44 based on stereotaxic coordinates, directional response properties of MT neurons, receptive field sizes, retinotopic organization, and activity recorded in surrounding cortical areas. We used a vertical approach to MT, so that we usually were able to identify the middle superior temporal area (MST) and the lumen of the superior temporal sulcus before the electrode entered MT. Once we understood the topographical organization of MT in each hemisphere, we attempted to find sites with receptive field locations in the central 101 of the visual field.
Once we entered MT, we searched for a site where the multiunit activity indicated that nearby neurons shared a common direction preference for the motion (usually at 161 s -1 ) of dots that were placed randomly within a 381 Â 301 aperture in the visual hemifield contralateral to the recording site. Only strongly direction-selective sites with reasonably Gaussian direction tuning curves were selected for further experimentation. Once a potential stimulation site had been identified we characterized its direction and speed preferences for motion of patches of dots, as well as its spatial receptive field location and size, its responses to motion of pursuit targets and background textures, and the effects of microstimulation on eye movements during ongoing pursuit.
We delivered biphasic current pulses under the control of a Grass S88 stimulator. Pulses had intensities of 30-50 mA and durations of 0.2 ms, and occurred at a rate of 200 Hz in trains of 300-ms duration. In agreement with the previous finding 46 that small changes in electrode position away from the center of a direction column can reduce the effectiveness of microstimulation in MT, we found that microstimulation at sites with weak or ambiguous direction tuning profiles usually failed to elicit smooth eye movements even during ongoing pursuit. However, stimulation nearly always evoked a directional eye movement at the relatively low currents we used, if performed at sites with strong multiunit responses to motion and clear direction tuning. In contrast to previous studies in which stimulation coincided with the onset of pursuit 15, 47 , the stimulation-evoked eye movements we observed during pursuit maintenance were consistently towards (and not away from) the preferred direction of the stimulation site. Because we required the motion signal injected through stimulation to be as directional as possible, we abandoned sites at which microstimulation applied during ongoing pursuit failed to produce a smooth eye movement. The presence of a stimulation-evoked eye movement also allowed us to monitor the continued effectiveness of the stimulation site during long experiments.
Behavioral control. The learning experiments were similar in design to previous studies on pursuit learning 6, 7, 27 and consisted of two blocks of trials: a baseline block and a learning block. Each block consisted of one or more trial types presented in varying ratios in pseudorandom order. The baseline block consisted of probe trials in which the target moved along the pursuit axis without any additional experimental manipulations. Before proceeding to a learning block of trials, we confirmed the consistency and stability of learning axis eye velocities on baseline probe trials. If the eye velocities were not stable across different fractions of the baseline block, we terminated the experiment for that day to avoid contamination of our data from fluctuations caused by poor pursuit performance. In up to 10% of the trials in the baseline block, microstimulation was applied in MT starting 200 or 250 ms after the onset of target motion. The learning block contained at least 80% learning trials and 20% or fewer probe trials. Learning trials always consisted of pursuit target motion identical to that of probe trials. In addition, either microstimulation in MT or motion of a visual background was delivered for 300 ms beginning at a fixed interval (100-250 ms, usually 200 ms) after the onset of target motion. In some experiments, the target was stabilized on learning trials during the 300 ms segment when microstimulation or visual background motion was delivered. Probe trials in the learning block were identical to probe trials in the baseline block.
Monkeys were generally required to keep their eyes within a 31 window around the pursuit target to complete a trial and receive a fluid reward. Our experimental manipulations caused deviations in eye position of less than 11 and therefore should not have affected the monkey's likelihood of successfully completing the trial. However, to be absolutely certain that microstimulation, background motion or learning did not affect reward probabilities, we opened the fixation window along the learning axis to 51 during the segment of the learning trials in which microstimulation was applied or the visual background moved and during the corresponding segments on probe trials. In an attempt to eliminate potential confusion between the target and the dots in the visual background experiment, we also conducted the background experiments with the fixation window in only the learning axis narrowed to as little as 11. Learning was unaffected by these changes in fixation requirements; we obtained excellent task performance and clear, bidirectional learning with the fixation window either widened or narrowed along the learning axis.
Data analysis. Details of our data acquisition have been published before 7, 44 . Data from any given trial were used for analysis only if the trial had been completed successfully by the monkey. Saccades were marked by hand using an interactive computer program, and the portions of the eye velocity traces corresponding to saccades were treated as missing data. If a saccade occurred during the segment corresponding to microstimulation or visual background motion, then the entire trial was excluded from analysis. Due to the small size of the learned eye movements, we aligned responses to identical stimuli on the onset of target motion or the time of microstimulation or visual background motion and computed time averages of eye velocity. Responses to MT stimulation were isolated by subtracting the eye velocity along the learning axis on trials in which microstimulation was not delivered from that when stimulation occurred. Learning was assessed by computing the difference between averaged eye velocity in the learning axis for probe trials near the end of the learning block and those in the baseline block. No attempt was made to assess the amount of learning until B100 learning trials had been completed.
Note: Supplementary information is available on the Nature Neuroscience website.
